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PREFACE

This report covers a one-year study of particular elements
of interest in connection with the infrared radiometer proposed
for the ST. The aim of the contract was to obtain practical
experience, including observational experience, with bolometers
suitable for the long wave infrared and with the filters neces-
sary to define the spectral regions of interest. Since the two
phases were distinct, the reports on each is contained in a
separate chapter.

The objective of the bolometer development was to try to
approach the theoretical sensitivity limits of bolometer working
at the long infrared wavelengths (30u < A < 1 mm). The scope
included fabrication, testing and field use of appropriate de-
tectors. While the techniques we used made detectors which
were significant improvements over previous bolometers and
produced bolometers which were usable in millimeter astronomical
research, they did not achieve the thecretical sensitivity. The
general concept of composite bolometers has been verified but
further study of the noise properties, the absorption efficiency,
and fabrication techniques is necessary. A portion of this
chapter was written by M. Hauser who participated in the bolo-
meter development at Caltech prior to the beginning of this %
contract.

The objectives of the filter study were to explore tech-
niques for reliably making and testing filters of moderate band-
width for use at the long infrared wavelengths. The scope of the
work was limited to mesh Fabry-Perot filters for use between 200w
and 1 mm. A straightforward fabrication technique was evolved
which can produce filters approaching those desired for the ST.
Figure work on very flat spacers, capacitive mesh filters, and
long wavelength blocking filters is suggested. This portion of
the work was largely done by J. Elias,a graduate student at Caltech.
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Chapter 1
COMPOSITE BOLOMETERS

I. Introduction and Motivation

The infrared radiometer proposed for the ST is
intended to work at wavelengths from 1 y to 1 mm. Detec-
tion of this radiation is optimally achieved using two or
more detectors., At wavelengths < 30 u photoconductors are
available which have intrinsic sensitivities at most wave-
lengths where they are sensitive, much be:ter than the limit
set by fluctuations in the radiacion of the warm mirror.

For wavelengths longer than ~ 30 p photoconductors are no
longer sensitive and bolometers must be used.

Although the conventional doped-germanium bolometer
used by astronomers for many years (Low 1961) for wavelengths
A € 100 y will operate at long wavelengths, one pays a penalty
in sensitivity as the long wavelength limit is increased.
This penalty occurs because the volume of the bolometer (and
hence its heat capacity) must be increased as the wavelength
increases: the thickness to maintain high radiation opacity,
and the area of, encompass the increasing image size. For
constant telescope size and illumination solid angle of the
detector, the detector area required to intercept the dif-
fraction-limited image grows as A%2. The sensitivity (detec-
tivity) of a bolometer designed to operate at a specified
temperature with a specified thermal time constant will vary
inversely as the square root of the detector volume, assuming
the heat capacity is dominated by the semiconductor element
itself.

It has been recognized for some time that bclometer
performance at long wavelengths could be improved if efficient



radiation absorption could be achieved with a substrate whose
properties are independent of those of the temperature-sen-
sitive element (Low 1970; Coron, Dambier, and LeBlanc 1972).
The success of this approach in practice depends upon the
ability to construct an absorber of the roquired area having
lower heat capacity than the corresponding volume of germanium
or silicon, and upon the ability to establish good thermal
contact between such an absorber and the temperature-sensitive
element without introducing significant excess noise. We
refer to bolometers in which the radiation absorption aad
temperature-sensing regions are distinct as composite bolometers.

Prior to the period of this contract, a type of composite
bolometer incorporating the familiar germanium bolometer had
been developed in our laboratories for use in a ground-based
observing program at 1 mm (Hauser and Notarys 1975). The
initial results were quite encouraging, yielding a bolometer
with far infrared radiative NEP of 6 x 10 1% watts v/Hz, a
factor of 2-3 better than our conventional germanium bolometer
of comparable size.

The composite bolometer developed in our laboratory is
shown schematically in Figure 1. The bolometer consists of a
small germanium crystal attached to a sapphire substrate with
a resistive film coating (substrates of this type were de-
scribed by Clarke, Hoffer and Richards 1974). The resistive
film has a surface impedance chosen to provide efficient
radiation absorption, and the sapphire provides a mechanical
support having a low thermal mass and high thermal diffusivity.
The two lead wires attached to the germanijum crystal support
the entire detector, provide electrical contact for bias and
signals, and provide the thermal contact between the bolometer
and its temperature reservoir,
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Bolometers of this type built both before the period
of this contract and under the support of the contract have
been successfully used for observations at millimeter ard
submillimeter wavelengths on the 5 m telescope at Mt. Palomar
and on the 1.5 m Caltech sky survey telescope, which has
been used both at Mauna Kea and, more recently, at White
Mountain. The bolometers have proven to be durable and have
survived both many thermal cycles and many trips to remote
sites. The results obtained with these bolometers at the
telescope are a factor of 1.5 to 2 better than have been
obtained with any comparable detection system which has been
used for ground-based observations. Specifically, on the
5 m telescope, with the detectors described beiow, and 2 to
3 pr mm of atmospheric H,0 in the line of sight, we are able
to reach a limiting flux of 0.5 Jy in one hour of integration.
These results have formed the basis of several scientific
publications (e.g. Werner et al. 1975; Westbrook et al. 1976).

In thbe following, we describe the fabrication tech-
niques and the results obtained. We have not been able to
produce and test the large number of bolometers required for
a systematic exploration of the effects of varying all para-
meters. Therefore, we have described in detail the test
procedures used and the properties of the best bolometers,
in order to show what can be achieved; we also indicate
some of the outstanding problems we have encountered.



I1. Bolometer Construction

The sapphire substrates for the bolometers we have
built are highly polished squares approximately 2 mm on a
side, with thickness of 0.1 mm., The heat capacity of this
substrate at 1.8 K is approximately 0.9 x 10 %JK’! compared
with 7 x 1079Jk"! for a piece of germanium of the same size.
In this thickness germanium would have a low absorption
efficiency at 1 mm.

The resistive films are made of bismuth, which is
easy to apply in the required thicknesses (of order 103 A)
though soft and therefore fragile. The required surface
resistance of the film depends upon the index of refraction
of the substrate and the character of the desired spectral
response. Figure 2 shows calculated power absorption, re-
flection, and transmission coefficients for normal incidence
as a function of optical thickness, g% nt, for a substrate
with index of refraction n = 3 and thickness t. The para-
meter labeling each curve is the ratio of suilface resistance
of the film, R (in ohms per square), to the free space wave
impedance Ry (377 ohms). These curves can be extended to
larger thicknesses by noting that they are periodic functions
symmetric about n/2., The calculations assume operation in
the "low frequency" radiation limit, i.e. in the limit in
which the magnitude of the wave impedance in the resistive
medium is much less than R, and in whichk the film thickness
is small compared to the skin depth. These curves show that
in general one obtains "fringes" in the spectral absorption
ccefficient. However, for the special case R/Ry = (n-1) !
(the curve labeled 1/2 in Figure 2), the fringe amplitude
is zero and one has a flat spectral response with 50 percent
absorption. For sapphire the index of refraction in the far
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infrared is approximately 3.2, implying flat response for
R= 172 ohms per square, the design value chosen for our
bolometers. This value is achieved by performing test
evaporations on sapphire beginning with different known
quantities of bismuth, and then measuring the sheet
resistance of the film (at 4 K). The optical performance
was verified by making transmission measurements and com-
paring with the curves of Figure 2.

The temperature sensor is a standard germanium
bolometer, approximately 0.4 mm x 0.4 mm x 0.1 mm in size.
Most of the germanium chips used in our detectors were cut
from a boule doped with gallium (1.5 x 10!6 cm 3) and
compensated with antimony (1.5 x 10!% cm 3). For operation
at 1.8 K these chips typically have a temperature coefficient
of resistance, Qé%ﬂ, of 2.5 K'!, and a dc resistance at 1.8 K
of 2 to 10 MQ with no bias power applied. Loth hrass and
tungsten lead wires have been used, typically 10 um to 30 um
diameter depending upon the thermal conductance required.

For example, 0.5 ym tungsten leads 1 cm in length give
thermal conductance of 0.3 W K ! near 1.8 K. The leads

are ittached with a 50-50 In-Sa solder after cleaning the
chips with CP 4 etchant. All of the fabrication operations
arz done by hand under a low power microscope, requiring
considerable skill and patience on the part o- the technician.

The work under this contract has led to improved tech-
niques for bolometer fabrication which have a high rate of
success. The assembly is carried out as indicated in Figure 3.
The first step is to lay a quartz fiber between two pads which
are placed on the copper block which will hold the assembled
bolometer. One of the pads is conducting epoxy,1 and the

1Eccobond 56C, available from Emersor and Cuming, Inc.
Cantron, Massachusetts.
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other pad is non-conducting epoxy.2 The bare bolometer, with
leads attached but without the sapphire substrate,is laid
upon the quartz fiber; a small dab of non-conducting epoxy
between the fiber and the bolometer provides mechanical
support for the structure. One of the bolometer leads is
pressed into the conducting epoxy pad to make a ground con-
nection, while the other is pressed into a conducting epoxy
pad atop the insulating epoxy to form a terminal into which
the bias current is injecte’! and across which the signal is
measvred. Finally, the sapphire substrate is glued to the
bolometer. Several substances have been used for this glue,
as will be described below. Both this glue and the epoxy
used to fasten the bolometer to the quartz fiber are used in
exceedingly small quantities to minimize their contribution
to the heat capacity of the structure. The advantage of this
technique is that the bare bolometer is much easier to handle
than is the bolometer plus sapphire substrate, and a success
rate of 90% in mechanical assembly has been achieved.

If a bolometer of the type and size described above
is designed for operation at 1.8 K at a chopping speed of
20 Hz, the thermal conduction noise (noise due to fluctuations
in the phonon exchange with the temperature reservoir) and
Johnson noise in the resistive element comb}ne to set a lower
limit to the achievable NEP of ~107!% WHz™ /2. At a fixed
temperature T this limit is proportional to the square root
of the chopping frequengy, and at a fixed operating frequency
it is proportional to T /2. In practice, the bolometers of
this type built prior to work under this contract such as
bolometer #1 described in detail below, had the expected low
heat capacity and high responsivity, but were noiser than
the fundamental limits by a factor of ~ 3 or more when com-
pletely assembled. The noise of the germanium chip alone

—— o —— oty ¢+

ZEpoxipatch, The Dexter Corporation, Olean, New York

10



(before attachment of the sapphire) was significantly lower.
The nature of this excess noise is not understood, but it
may have been related to the epoxy which was initially used
to cement the sapphire substrate to the bolometer. More
recently, lower noise performance has been obtained from
bolometers in which either thermal joint compound3 or vacuum
grease4 was used to fasten the substrate to the bolometer.

The bolometers built under the contract, such as
bolometer #2 described below, have had both lower noise
and lower responsivity, thus leading to a comparable electrical
NEP. Tests of the radiation response in the far infrared are,
in the best cases, consistent with the expected 50% absorption
efficienty. Additionally, the spectral response appears
uniform for a 170 /0O film, as expected from the theory.
Thus, the radiative NEPS achieved have been of the order of
~6 x 10 l%watts/vHz. This is still substantially above the
theoretical limiting NEP.

TII. Test Procedures and Results

In this section, we describe the test procedure used
with the composite bolometers and the results obtained on
the best bolometers we have built. This is done in order
to permit others to duplicate these measurements. Several
measurements are routinely made to test new bolometers;
the most important of these are determinations of the d.c.
(load curve) voltage-current characteristic, of the electrical
noise, and the radiation responsivity as a function of fre-
quency. The load curve is measured by injecting a known
variable current into the bolometer and measuring the voltage

3Thermacote, available from Thermalloy Co., Dallas, Texas

4Api.ezon N Grease,available from J. G. Biddle Co., Plymouth
Meeting, Pennsylvania
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developed across it. A circuit to accomplish this is shown
in Figure 4a. Since these bolometers have high resistance,
the voltage measurements must be made with a high (> 100 M2)
input impedance voltmeter. Load curves for two of the better
bolometers we have built are shown in Figure 4b, and the re-
sults of these and other tests on these bolometers are given
in Table I. The load curve is useful because, as shown in
Figure 4b, it permits determination of the d.c. responsivity,
So (volts/watt), which is the change in voltage across the
detector per watt of absorbed power. This can be computed
from the tangent to the load curve (Figure 4b) from the for-
mula S, = V,/211Vi. Typical values of Sy are ~ 5 x 10°V/W
to 2 x 108V/W.

The noise is measured with a frequency tunable volt-
meter® which permits the determination of rms noise voltage
in a selected bandwidth as a function of frequency. It has
proven most convenient to choose a measuring bandwidth of
1 Hz and to measure the noise in this bandwidth at several
f.equencies, typically 10 and 20 Hz. The bolometers are
usea with a low noise FGT preamp, developed under this con-
tract, which has a gain of 1000 (Figure 5). The preamp
allows both the noise and the signal to be measured as a
function of bias current. A He temperature load resistor
of 5 to 20 M2 is used.® The measured detector noise values
are typically in the range of 20 nV/v/Hz to 70 nV//Hz, refer-
red to the preamplifier input. The preamp noise, typically
5 to 7 nV//Hz, is negligible on this scale.

The real measure of the quality of a detector is the
measured signal-to-noise ratio with standard filtering, field

5Infrared Industries Model 601 Tunable Microvoltmeter

6Victoreen Mox 400 Resistors, Victoreen Inst., Cleveland, Ohio

12
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optics and a standard radiation source. The dewar config-
uration and radiation tests we have developed are the
following (Figure 6).

A. Field Optics

The detector is tested in a standard vapor cooled
or Ny shielded liquid He dewar.7 A standard 12 mm diameter
KBr field lens8 having a nominal focal length of 8 mm at 10 wu
is used; when corrections for the change in refractive index
are applied, the focal length at submillimeter wavelengths is
~5 mm. This lens is placed behind a 6 mm aperture (Figure 6).
The lens and aperture are at He temperature. A 1.25 mm aper-
ture is placed over the bolometer in the focal plane of the
field lens.

B. Filtering

A 2.5 mm thick fluorogold9 filter is just above the
lens, also at He temperature. This defines the basic wave-
length response of the system, which responds only to wave-
lengths beyond 200 u. The only other optical elements are
an 0.1 mm thick black ployethylene filter at the nitrogen
temperature shield, and the dewar window itself, which is
1.5 mm thick teflon. The overall wavelength response of
this system is shown in Figure 7.

Infrared Laboratories, Tucson, Arizona

8Obtainable from John H. Ransom Laboratories, Los Angeles,

California.
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C. Radiation Source

We have found that a glass dewar filled with liquid
N, is an easy to use and highly reproducible radiation source
for these long wavelengths. The detector views the nitrogen
through a 4 mm aperture in a blackened plate placed over the
dewar (Figure 6). A blackened chopper blade immediately
behind this plate permits the radiation from the N2 source
to be modulated (square wave chopping) at frequencies from
5 to 30 Hz. Thus the signal measured by the detector is
due to the temperature difference between the liquid N
(T ~77 K) and the chopper (T ~ 300 K). The detector is
mounted in a down-looking configuration in the dewar, so
that it lcoks out cf the bottom of the dewar and views the
liquid N, source. The distance from the source aperture to
the 6 mm aperture over the field lens is 1 m., At this distance,
the 4 mm aperture of the N, source is effectively a point source,
so both the radiation response and the beam pattern of the field
optics can be measured in this test configuration. For the
detectors (Table I), this leads to a measured signal-to-noise
ratio of 1700 for our standard test set up. We also tabulate
in Table I the ratio K = measured signal

dc responsivity’
of the efficiency of the detector-optics system. Note K is

which is a measure

comparable for these two bolometers, but values of K as much
as a factor of 2 lower have been noted among the bolometers
made here. Since the bolometers have been tested under iden-
tical and reproducible conditions, there is a suggestion that
the properties of the absorbing bismuth film may not be
reproducible.

IV. Summary

We have developed and described techniques for making
composite bolometers which are rugged, reliable, and very

17
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TABLE 1 - Bolometer Characteristics

Sapphire Substrate Size
Bismush Film Resistivity
(47 K)

Bolometer Ge Chip Size

Parameters
Glue Used to Fasten Ge

to Sapphiie
Leads

He Bath Temperature During Test

Value of He Temperature Load Resistor
Used in Test

Bolometer #1

Bolometer #2

2rm x 2mm x 0.12mm

~ 170 Q/0
.4mm x .4mm x .12mm

Epoxy

.12mm Tungsten,
3mm Length

20 MQ

2mm X 2mm x 0.12mm

~ 170 QD
.5mm x .5mm x .08mm

Thermal Joint Compound
.3mm Brass, 4mm Length

1.9K

5MQ
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Bolometer

Test Results.
All voltages
referred to
pream> input.
Test Procedures
described in
text.

TABLE 1 (cont)

Resistance at Bath
Temperature, Zero Bias
Current

Optimum Bias Current

DC Responsitivy at
Opt. Bias

Detector Noise 10 Hz
20 Hz
Electrical NEP
Radiation Signal , Standard
NZ Source, 10 Hz
20 Hz
Time Const

Signal/Noise at 10 Hz

g = measured radiation signal

DC responsivity

Bolometer #1

Bolometer #2

6MQ

.15p Amp

2 x 10° v/u
60 nV// Hz
50 nV// Hz
3x 1014
watts// Hz
104 n V
90 n V
7 m sec

1700

52

1.25 0
.49n Amp

5 x 10° V/W

20 nV// Hz

12 nv// Hz

4 x 1071
watts// Hz

3 nV

22 ny

9 m sec

1700

68



useful for ground-based submillimeter and millimeter wave-
length observations. Even the best bolometers however, are
a factor two to three less sensitive than the theoretical
limiting sensitivity. The following areas need to be ex-
plored to improve the performance of thcese bolometers:

a) the noise is too large, typically by at least a factor
of two; b) the absorption efficiency of the bismuth films
may vary by a factor of two from one bolometer to the next;
c¢) the bolometer heat capacity could probably be reduced
further by improved fabrication techniques. This would
permit lowered thermal conductance and higher sensitivity
for the same thermal time constant.

20



Chapter 2
FILTERS

I. Introduction and Motivation

The present design for the ST infrared photometer
includes a series of moderate bandwidth (ax/x = 0.1) filter
which would cover the region from 1 u to about 1 mm. Con-
ventional multilayer dielectric interference filters are
available for wavelengths shorter than roughly 35 u, but
for longer wavelengths filter technology is still largely
experimental.

Far infrared filter technology is a fairly broad
subject, and with the limited manpower and funding we could
not hope to cover the field completely. We therefore re-
stricted our work to an area where we felt that some improve-
men: might be made on existing knowledge and techniques.
Before proceeding to a description of our work, it would
seem useful to provide a brief summary of available tech-
niques and references. '

A fairly comprehensive summary of work up through 1971
is given in Moller and Rothschild (1971). Except where given
here specifically, references to original work may be obtained
from this book.

Most narrow-band filters consist of two components: a
narrow- band filter which provides the basic bandpass but also
may have short or long wavelength leaks, and a blocking filter
which isolates a relatively broad-band. Blocking filters are
mostly of two types: either scattering filters, which use

particles whose size is comparable to the cut-on wavelength



wavelength (see Armstroung and Low 1974, for discussion and
further references); or, filters which make use of the
lattice vibration (restrahlen) bands of crystals, either by
use of the pure crystal or by mixing powdered material in
a polyethylene sheet ('"Yoshinaga filter"). If crystals are
used, the filter may be used in reflection to isolate a
broad-band. These filters are discussed in Moller and
Rothschild, and some additional information is given in
Armstrong and Low (1973).

The narrow-band filter component is most generally
composed of one or more metal mesh elements. These czn be
either wire grids ("positive' or "inductive'" meshes) or
their complement, a pattern of squares deposited on a thin
substrate (''negative' or '"capacitive" meshes}. Mcller and
Pothschild review the properties of these meshes briefly.

The most common type of filter uses these meches as elements
in a Fabry-Perot interference filter. The meshes are spaced
approximately half a wavelength apart. Early work along these
lines is discussed by Moller and Rothschild. Some more recent
work of particular interest is described by Holah and Smith
(1972) and by Wijnbergen (1973). Filters of this general

type can be constructed for wavelengths shorter than 100 u
though the mechanical tolerances become increasingly difficult
to meet as the wavelength of peak transmission decreases.

A second type of mesh filter uses the properties of
individual inductive meshes, which have a peak in transmission
at a wavelength roughly equal to the "wire' spacing in the
grid. The bandpass may be improved in shape by using two or
more meshes in sequence. The advantage of this type of
filter over the Fabry-Perot type is that the spacing between
meshes is no longer critical. However, there is much less
control over the width of the band. Filters of this type may



well be useful at wavelengths between about 35 u and 50 u,
but at longer wavelengths the Fabry-Perot filters are
preferable.

We felt that the area we could most usefully investi-
gate was the mesh Fabry-Perot, in that such filters are not
readily available and techniques of construction are cur-
rently either slow or imprecise. We concentrated primarily
on filters for use at the longest wavelengths (200 u to
1000 y) because mechanical tolerances for this wavelcngth
region are least precise, and because we could also test
the filters' durability when used for astronomical observa-
tions. What follows is a summary of the work we have done
to date. |

1T. Program of Work
OQur filter program consisted of four parts:

(n Development of a reliable and accurate test
set-up for n- -suring filter transmission in the
far-infrared (20-1000 y);

(2) Design and construction of test filters for

the long wavelength end of this region (200- 10004)

in order to determine whether construction methods
. were reiiable;

(3) Tests of available commercial filters for the
~ same wavelength region, in order to compare their
properties with those of filters produced in (2);

(4) Depending on the relative success of (2) and (3),
development of improved construction techniques, so
that filters could be produced faster and more reliably
than were the test filters.
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Work on the four parts of the program has been carried
to various stages of completion.

A, Test Set-Up

Our test set-up consists of a modified commercial
Fourier transform spectrometer.10 The modifications were
made primarily to permit maintenance using locally available
parts, and were largely substitutions rather than design
changes. The only real changes in design were the substi-
tution of a quartz-iodine lamp for the original mercury
arc lamp source, and mechanical modifications to permit
substitution of an external detector for the Golay cell
supplied with the instrument.

Currently, the instrument can be used in two modes.
In the first of these, we use the original detector, a
Golay ce11ll which has an NEP of about 2 x 10710 w/Hzl/2
or better. The cell response is unifcerm as a function of
wavelength, but the response of the system is reduced at
short wavelengths by the use of black polyethylene as a
short wavelength rejection filter. In the second mode of
operation, an external detector is substituted for the Golay
cell. This external detector is usually a bolometer and
filter combination whose relative wavelength response we
wish to deturmine by comparing its spectrum with that seen
by the Golay cell. The set-up is not suited for determining
absolute response.

Although filters were occasionally tested in combina-
tion with an external detector, we have no detector system

especially constructed for use with the spectrometer.

10peckman R1IC FS-720

Hpye Unicam SP 50
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An example of a detector comparison is given in Figure
7. This gives the response of bolometer #1, discussed above,
in the optical system shown in Figure 6. The detector sys-
tem contains a liquid helium cooled 2 mm x 2 mm composite
bolometer. Short wavelength radiation is eliminated by means
of a combination of liquid helium temperature Fluorogold
and liquid nitrogen temperature black polyethylene. The
bolometer is located at the focus of a field lens. A 6 mm
aperture at the filed lens defines the collecting area of the
system and also provides a limited amount of long wavelength
rejection, The rudiative NEP of the bolometer is of the order
of 6 x 10 %w/VHz.

The wavelength response of the system is determined by
taking spectra with it and with the Golay cell under identical
conditions. If the Golay cell has a flat response, the ratio
of the two spectra represents the wavelength response of the
bolometer and its filtering. This ratio is shown plotted on
an arbitrary vertical scale in Figure 7. Points at wavelengths
greater than 1 mm are increasingly uncertain since the signal
from both systems is very small because of low spectrometer
output. The solid curve shows the predicted attentuation due
to the blocking material, which indicates that the bolometer
response is uniform over the range 300 to 1000 u, as expected
from the theoretical curves in Figure 2. At shorter wavelengths
the bolometer response cannot be determined. The overall Sys-
tem response clearly decreases at longer wavelengths, but
because of the low accuracy of the points it is impossible
to say what this is due to. This detector system was used
to test some of the filters constructed in part (2) of the
program, because of its greater sensitivity compared to the
Golay cell,
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B. Filter Design and Construction

Our filter construction program involved designing
test filters and then attempting to construct them. The
design techniques are straightforward, and can be found
described in many of the references given previously.
Those most useful are Moller and Rothschild (1971) and
the paper by Holah and Smith (1972).

Our construction technique was straightforward.
The filter consists of two or more elements separated by
brass spacers and stretched over an aluminum ring. A
second aluminum ring is added for rigidity and a blocking
filter can be mounted on the outside of one of the rings.
A typical filter is shown, enlarged in cross-section in
Figure 8.

The meshes we used were of two types. The inductive
meshes we used were obtained commercially.12 These are
electro-formed nickel meshes several microns thick. Though
fragile, they can tolerate a small amount of stretching in
order to remcve wrinkles. Unfortunately, capacitive meshes
are not so readily available, and we were obliged to make
our own. This we did by evaporating copper onto thin (5-10u)
mylar or polyethylene substrates, using an inductive mesh as
a mask so that the actual pattern on the substrate was the
complement of the inductive mesh. With the small evaporator
available to us, we could make only one element at a time,
so in designing filters we tended to minimize use of capacitive
meshes.

The spacers we used were ordinary brass shim stock,
which we found to be flat to +3 p or better over areas of a

12Buckbee-Mears, Minneapolis, Minnesota
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few square inches. The flatness tolerances set a limit on
the narrowness of the band which can be produced. The
flatness requirement for spacers is about 0.1 times the
bandwidth, so our filters were limited to bandwidths greater
than about 50 u. Absolute thickness was less accurate, de-
viating from nominal by as much as 10 u, though generally
less. In the relevant thickness range (100-500 u) shim
stock is readily available in 25 p multiples. Since spacers
are typically about half a wavelength in thickness, this
meant that a peak wavelength for the filter could only be
selected to within about 30 wu.

Holah and Smith worked successfully at 100 p with
spacers they etched to the necessary thicknesses and toler-
ances, so it is possible to use this general technique at
shorter wavelengths than we did.

Our assembly technique was simple. We first loosely
stretched the elements of the filter across individual rings
and glued them in place. We then placed a mounting ring on
a jig. The first element was laid over this ring and stretched
tightly, then glued in place. The first spacer was then laid
on top of the mesh element and glued down. Successive mesh
elements and spacers are then stretched and glued down, and
a second mounting ring is placed on top of the last mesh
element. Registration of the meshes is unimportant. A weight
is applied to the filter to squeeze excess glue from between
the elements and spacers.

It is of course essential that the glue be fairly dilute
and dry slowly enough that the filter can be completely as-

sembled while the glue on the first element is still we. We

13

used GE varnish diluted 2:1 or even 3:1 in acetone, but any

adhesive with similar properties would work out as well.

13General EFlectric No. 7031 Varnish



C. Results

Using this technique, we have constructed (to date)
about thirty filters. Roughly half of these were rejected,
mostly because the meshes were not flat enough in the final
filter. Figures 9, 10 and 11 show the transmission curve
of four of our better filters. All filters were tested
on the FS 720 spectrometer described previously, using
either the Golay cell or a composite bolometer as the
detector. Table I lists the mesh and spacer parameters.

Figure 9 shows an example of the simplest type of
filter to construct: a long wavelength cut-off filter.
This particular filter is of interest because it is one
of the first filters constructed, and because it has been
used for astronomical observations for a period of about
two years. The filter is designed to eliminate wavelengths
longer than 500 u, and is intended to be used as a blocking
filter for 350 u observations, where the atmosphere provides
a short wavelength cut-off. For the 5T, short wavelength
blocking would have to be provided by a blocking filter.
Theoretical transmission for this (and all other mesh
filters) should be over 90 per cent. The lower value found
in actual filters is due to lack of flatness in the meshes.
Filters made later according to the same design have had
peak transmissions as high as 90 per cent.

Figures 10 and 11 show examples of narrower bandpass
filters, where the initial short wavelength cut-off is pro-
vided by the filter itself. All three filters incorporate
a blocking filter made of Fluorogold9 in order to further
reduce the transmission in the second and higher orders.
Because these three filters contain three elements, including

one of our capacitive meshes, the peak transmission is reduced
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to about 40 per cent. Because of low detector response, the
transmission curves are uncertain beyond about 1500 v ., These
three filters have also survived about a year-and-a-half of
trips to, and use at the telescope, though only "M", the

1 mm filter has been used for measurements (Westbrook et al.
1976).

III. Commercially Available Filters

At the time we began work under this contract, several
companies appecared to be marketing filters of the general
type described lLere. We ordered a filter, using contract
funds, with a 10 per cent bandwidth at 50 p from the company
(Edinburgh Instruments, Ltd.) which had advertised the
specifications most closely approaching the filters desired
for the ST. The filter, when delivered, proved unsatisfactory
because it did not have the proper central wavelength and
because there was no blocking provided for out-of-band re-
jection. This filter was returned to the manufacturer and
has not been sent back to us. Based on this and other ex-
periences, we feel that reliable commercially manufactured
filters are not currently available for this wavelength region.

IvV. Summary

It is clear from our work that design of filters is
straightforward, and actual assembly fairly simple. However,
any manufacture of filters on a large scale, as needed for
the ST, requires solution of a number of problems.

(1) Spacers are needed which are flat to perhaps
1 v (for the thinner sizes) and which can have thick-
nesses specified to similar accuracies.
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(2) A superior setup for production of capacitive
meshes is needed, or else designs for filters should
eliminate their use almost entirely. Because capaci-
tive mesh elements help block out the second and
third orders of filters, this implies some investiga-
tion directed toward finding superior blocking mate-
rials for long wavelengths.

(3) In any case, some work on long wavelength
blocking materials would probably be worthwhile.

Additionally, an interesting possibility was suggested
to us by our work. If the meshes could be embedded and ac-
curately spaced in a plastic matrix, the durability of these
filters would be greatly increased. The filters used by
Muehlner and Weiss (1973) were constructed in this way,
although they were long wavelength-pass rather than bandpass
filters and were thus subject to less critical tolerances.
Also, if Yoshinaga filters are used as blocking filters, these
could then be bonded onto the narrow-band component or even

included in the embedding matrix itself.
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TABLE 2 - Filter Parameters

Filter First Spacer Second Spacer Third
Name Flement (v) ____Element (u) Element
C 125 1pi* 135 125 1pi
Inductive inductive
F 50 1pi 500 50 1pi 670 70 1pi
Inductive Inductive Capacitive
K 80 1pi 355 125 1pi 355 80 1pi
Inductive Capacitive Inductive
M 50 1lpi 670 70 1pi 670 SC lpi
Inductive Capacitive Inductive

All four filters were 1 inch diameter.

15 mm (0.6 in).

* lines per

inch

The inside diameter of the spacers is approximately
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